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Electromyography (EMG) is the record of the electrical activity from muscle fiber 
membranes.  This invaluable clinical tool in neurology aids in the diagnosis and 
monitoring of disease affecting muscle and nerve.  Routine clinical EMG studies rely on 
the experience of the physician to analyze the data in a qualitative manner.  Quantitative 
EMG (QEMG) refers to a number of techniques that measure various aspects of the EMG 
signal and result in statistical data.  These techniques are becoming broader in scope, 
more automated and increasingly available on EMG machines.  However, QEMG studies 
have challenges in a number of operational parameters from the engineering perspective 
but may not accurately fit from the physiologic and pathologic perspectives, and a 
number of these issues have not been investigated in a systematic way. 
Here we present a number of studies aimed at validating and improving clinical 
usability of QEMG.  First, we compare three QEMG algorithms available on EMG 
machines for use in the clinic, a study not performed previously.  We determined that two 
algorithms yield similar results with minimal user intervention, while the third requires 
considerable expert review of the results and which are less robust than with the first two.  
Second, we show that among available sizes of intramuscular needle electrodes the 
smaller diameter electrode yields data comparable to the larger diameter electrode for 




axis of the muscle with respect to the distribution of neuromuscular junctions within the 
muscle is acceptable for clinical QEMG studies.  Fourth, we investigate and find that 
high-pass filtering is not an effective means of extracting more sensitive information 
from the EMG signals.  Finally, we determine that at each position of the electrode within 
the muscle, 10 s worth of data collection balances the need to collect sufficient data with 
the possibility of degrading the signal due to subtle physiologic movements.  The results 
of these efforts are a better understanding of the practical limits of the QEMG algorithms 
and how operational parameters can be optimized for more accurate statistics, more rapid 
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Electromyography (EMG) is the record of electrical activity generated by muscle 
fiber membranes measured by electrodes placed either within or external to muscle.  The 
membrane depolarization that is measured is the signal that initiates muscle fiber 
contraction (excitation-contraction coupling).  EMG techniques provide information 
directly about the function and pathology of muscles, and indirectly about the function 
and pathology of both the nerves that innervate them and neuromuscular junction 
transmission.  Thus, EMG is a useful tool to determine if a muscle is normal or abnormal; 
and if abnormal, whether the primary disease process is of nerves innervating the muscle 
or of the muscle itself, and also the integrity and function of the neuromuscular junction.  
Simply stated, EMG can estimate the architectural arrangement of muscle fibers within 
the muscle and their activation. 
This body of work bridges the two disciplines concerned with the improvement of 
EMG techniques.  Engineers have the ability to create systems and algorithms which 
allow for the measurement of EMG signals and can create new techniques to improve 
accuracy and efficiency.  Clinicians have an understanding of the anatomy, physiology 
and disease processes underlying the signals which are generated by the EMG study.  We 




interpretation from an engineering perspective with consideration of practical clinical 
limitations. 
Anatomy and Physiology of the Motor Unit 
The motor unit is the basic unit of neuromuscular function, the quantal unit of 
movement.  It is defined as a single α-motor neuron, originating from the anterior horn of 
the spinal cord, along with its axon, and all of the muscle fibers which it innervates 
(Figure 1.1).  This concept of the motor unit as the final common pathway of movement 
was introduced in 1925 by Lidell and Sherrington (1).  Interposed between the nerve 
ending and the muscle fiber is the neuromuscular junction. 
 
Figure 1.1: Representation of a motor unit.  The α-motor neuron at the left is in the 
anterior horn of the spinal cord.  Its axon exits the spinal cord through the  
anterior root and courses alongside other axons to a muscle.  Within  
the muscle the axon branches up to several hundred times,  




The architecture of muscle fibers of a motor unit within muscle has been 
determined by glycogen depletion studies.  Edstrom and Kugelberg, in 1968, found that 
in rat preparations a single α-motor neuron (ventral rootlet) can be isolated and repeatedly 
stimulated thus depleting the glycogen stores in all muscle fibers innervated by that 
motor unit.  When the muscle was removed and prepared for histology a cross section of 
the muscle, when stained for glycogen, revealed depleted fibers representing muscle 
fibers innervated by the stimulated neuron (2).  An example of such a study is shown in 
Figure 1.2.  These studies revealed many previously unconfirmed properties of motor 
units.  Many motor units overlap—sharing much of the same territory in the muscle.  
Motor units cover relatively large areas of the overall axial territory of the muscle but 
vary greatly in area, but no motor unit in large skeletal muscle covers the entire cross-
sectional area of the muscle.  Importantly, relatively few neighboring muscle fibers 
belong to the same motor unit.  Additionally, motor units are essentially uniform in  
 
Figure 1.2: Glycogen depletion study in the rat showing muscle in cross section.  Single 
motor neuron activated repeatedly until all glycogen stores are depleted.  Excision of 
muscle and staining for glycogen reveals white muscle fibers belonging  




regard to histochemical fiber type—the innervating α-motor neuron is the main factor 
determining muscle fiber type and its attendant properties.  Studies on felines have 
suggested that a single muscle contains hundreds of motor units, each unit containing an 
average of 400-800 muscle fibers, and the overlap of such units is such that any area of 
the muscle may contain 20-50 overlapping units (3,4). 
Glycogen depletion studies are still the only method of directly observing the 
arrangement of muscle fibers of a motor unit.  However, this is a destructive procedure 
and cannot be used clinically.  EMG studies remain the most widely used tool for 
determining the characteristics of motor units in the clinical setting. 
An estimate of the motor unit territory within human muscle and the arrangement 
of muscle fibers therein were determined by two groups using different EMG techniques.  
Buchthal et al. showed that the motor unit could be discovered anywhere longitudinally 
within a muscle using two multielectrodes inserted into the muscle at right angles as at 
least a portion of the muscle fibers of the motor unit ran completely from one tendon to 
the other (5).  They showed that most motor unit territories are basically circular.  
Stålberg and Antoni used a single fiber electrode as a trigger source and a concentric 
needle electrode as a sampling electrode moved through the muscle at defined steps and 
thus determined the cross-sectional area and fiber distribution within the motor unit 
(Figure 1.3).  It was determined that most motor unit territories fall between 5 to 10 mm 






Figure 1.3: Scanning EMG study of a normal tibialis anterior muscle from Stålberg and 
Antoni (6).  Of note, the resulting electrical potential varies greatly depending on the 
position of the electrode within the motor unit.  The different action potential 
morphologies result from the spatial relationship of the needle to  
the nearest muscle fibers with a nonuniform distribution of  
muscle fibers within the motor unit. 
 
Motor Unit Action Potential 
The MUAP is the electrical view of the motor unit and consists of the combined 
potentials from all of the single muscle fiber action potentials within the uptake area of 
the electrode.  Surface electrodes have a large uptake area.  Intramuscular electrodes vary 
in size and hence uptake areas and yield a variety of restricted views of the electrical 




black box.  This black box is unusually complex with respect to the number of motor 
units, the size of the motor units, the recruitment order with voluntary activation, and the 
arrangement of neuromuscular junctions.  Further, the black box may be normal or 
abnormal due either to a neurogenic or myopathic process.  In the clinical investigation 
the black box can be probed with a variety of electrode types whose position in the 
muscle and relation to fibers of the motor units is unknown to the investigator.  We will 
deal with these issues in greater depth later in this section. 
There are common metrics used to describe an MUAP waveform which include: 
peak-to-peak amplitude, duration, area, area-to-amplitude ratio, number of turns, and 
number of phases (shown in Figure 1.4).  The metrics allow for quantitative statistics, and 
from clinical empiric experience, can help in distinguishing normal from pathologic 
muscle.  Abnormal MUAPs exhibit characteristic features that, in combination with other 
clinical data, can confirm the diagnosis of a number of pathologic conditions.  Initially, in 
the 1950’s, motor units from normal subjects and those with known pathology were 
studied from photographs of the oscilloscope screen to quantify the range of metric 
values.  It is from these laboriously collected data that qualitative interpretation of normal 
from abnormal motor units is determined during routine EMG studies.  Normal values for 
these metrics differ among muscles and with age, and a sample recorded with a 
concentric needle electrode are shown in Table 1.1. 
The concentric needle, monopolar needle, and single fiber needle are common 
intramuscular electrodes in clinical use (Figure 1.5).  The concentric needle electrode 
consists of a stainless steel cannula, which acts as the reference electrode, and a central 





Figure 1.4: Common metrics obtained from motor unit action potential. 
Table 1.1: Normal values for quantitative EMG studies recorded with a  
concentric needle electrode (7).
 
  
Mean values and standard deviations
Amplitude (μV) Duration (ms) Area/Amplitude Phases Turns
Muscle Mean SD Mean SD Mean SD Mean SD Mean SD
Deltoid 550 ± 110 10 ± 1.3 1.6 ± 0.2 3 ± 0.3 4.2 ± 0.8
Biceps brachii 436 ± 115 9.9 ± 1.4 1.5 ± 0.2 2.6 ± 0.3 4.2 ± 0.6
Dorsal interosseous (FDIH) 752 ± 247 9.4 ± 1.3 1.4 ± 0.2 3.1 ± 0.4 3.9 ± 0.6
Vastus Lateralus 687 ± 239 12 ± 1.9 1.7 ± 0.2 3 ± 0.3 4.5 ± 0.8





Figure 1.5: Representation of three different types of needle electrodes.  A: concentric 
needle electrode—a solid conductive core is the active electrode which is insulated  
from the needle cannula that is used as the reference electrode.  There are two  
sizes of concentric electrodes.  B: monopolar needle electrode—a wire is  
insulated and the end tapered to a cone which is the active electrode and  
a separate electrode, often on the skin, is the reference electrode.  C:  
single fiber needle electrode—a 25 µm insulated wire is brought  
out from the side of the cannula and is the active electrode and  
the cannula is the reference electrode.  D: macroEMG needle  
electrode—longer single fiber EMG electrode with the  
distal 15 mm of the cannula uninsulated and used as  
recording surface.  Figure modified  
from Bromberg 1993 (8). 
standard sized needle is cut off at 15° to create an elliptical recording surface.  There are 
practical limitations to concentric electrodes based on their stiffness and ability to pass 
through muscle and limitations to their recording uptake radius, resulting in two 
diameters for practical electrodes: the routine concentric electrode is a 26 gauge (0.46 
mm diameter) needle with a recording ellipse of 580 x 150 µm (0.07 mm2); and the 
pediatric concentric electrode is a 30 gauge (0.3 mm diameter) needle with a recording 




The monopolar needle electrode is an insulated straight wire electrolytically 
etched to an uninsulated conical tip that serves as the active surface.  The reference 
electrode is a surface plate or disk electrode placed on the skin, preferably close to the 
intramuscular electrode to reduce extraneous intervening bioelectric noise. There are a 
several diameters of monopolar electrodes with the same limitations on electrode 
stiffness.  They have different recording surface areas but there is less information 
available and basic studies have not been performed with monopolar electrodes. 
The single fiber EMG needle electrode is based on the same cannula size as the 
routine concentric electrode but the active electrode comes out the side of the cannula 2.5 
mm from the tip and is 25 µm in diameter.  The cannula is used as the reference 
electrode.  The macroEMG electrode is a longer single fiber EMG electrode with the 
distal 15 mm of the cannula uninsulated.  The uninsulated 15 mm recording surface is 
large and can include all or most of a motor unit.   Surface electrodes can record the 
entire motor unit and consists of two electrodes, the active generally placed over the belly 
of the muscle and the reference near either the insertion or origin of the same muscle. 
The number of muscle fiber action potentials in the intramuscular MUAP 
recorded by the commonly used active electrodes depends upon the size of the active 
recording surface and the proximity to the muscle fibers.  Except for the macroEMG 
electrode, the MUAPs recorded by concentric, monopolar and single fiber electrodes 
consists of relatively few individual muscle fibers of the motor unit.  Concentric needle 
and single fiber electrodes were used in my studies exclusively.  The uptake area from the 
standard sized concentric needle relative to the size of muscle fibers (average 50-60 





Figure 1.6: Decline of peak-peak amplitude as a function of distance of electrode from 
muscle fiber (11).  A multi-electrode needle with an index active electrode used to 
measure the 0 µm by maximizing the action potential.  Subsequent distance meas-
urements were made using active electrodes along the axis of the needle with  
known distances between.  Each line represents a different muscle fiber  
diameter.  The difference in amplitudes at 0 µm from the muscle fiber  
is presumably due to differences in the muscle fiber diameter, but  
could be due in part to optimization of spatial orientation of the  




distance where 90% attenuation in signal occurs, and is 350 µm from the electrode face, 
with negligible contribution from fibers beyond 500 μm (Figure 1.6) (9,10).  In the 
setting of the density of muscle fibers within a motor unit this implies that perhaps only 
2-4 fibers’ action potentials will make up the largest part of the MUAP and overall only a 
mere 7-15 fibers will contribute to the waveform (Figure 1.7).  As shown earlier, this is a 
very small portion of the fibers of a motor unit.  Further, with random insertions of the 
electrode different portions of the motor unit will be sampled resulting in different 
waveforms due to the nonuniform distribution of muscle fibers within the motor unit.  In 
addition, small movements of the electrode will change the contours of the MUAP. 
Intramuscular electrodes are a blind probe of the motor unit.  As mentioned 
above, the nearest several fibers make up the largest contribution to the shape of the 
 
Figure 1.7: Schematic representation of the individual muscle fiber action potentials in 




MUAP.  These two facts mean that there may be considerable variability of the MUAP 
from the same motor unit depending upon the chance placement of the electrode (Figure 
1.8).  This blind approach dictates that many MUAPs must be recorded and statistically 
analyzed to achieve a representative estimate of muscle fiber architecture.  A typical 
QEMG study requires the measurement of 20 separate MUAPs with no further change in 
metrics with the collection of additional MUAPs (12,13). 
Currently there is no technique that allows for the reliable and clinically practical 
measurement of all muscle fibers of a sufficient number of motor units at one time.  
Because of attenuation MUAPs recorded from surface electrodes are very small and their 
size varies with their depth.   Further, there is little or no selectivity with overlapping 
motor units.  Intramuscular electrodes minimize the overlap of unit potentials due to  
 
Figure 1.8: Schematic representation of various MUAPs of a single motor unit.  The 
proximity of the active electrode surface to the nearest muscle fibers dictates the  
shape of the resulting MUAP.  Therefore, many different MUAP morphologies  




limited uptake areas and thus pick up potentials from fewer motor units.  By positioning 
the concentric electrode nearer the muscle fibers the potentials are also larger, although 
the number of fibers contributing to the potentials is a very small percentage of the full 
motor unit.  The single fiber electrode reduces the number of fibers contributing to the 
potentials measured, but also reduces the clinical usefulness of the information collected.  
Reducing the electrode size even farther would allow for truly single fiber measurement 
or even intracellular measurement—although this would be of little use in clinical 
decision making.  We will discuss later, in the section about pathologic changes in the 
MUAP, why the concentric and monopolar needle provide the most appropriate mix of 
information for clinical studies, balancing selectivity and comprehensiveness. 
Changes in the MUAP due to nerve injury: neuropathic motor units 
Nerve injury leaves muscles with varying degrees of denervation. In cases of 
incomplete injury of the nerve supplying a muscle the orphaned muscle fibers regain 
neural control through collateral sprouting of remaining nerve terminal branches (14).  
This is the process whereby remaining α-motor neurons create new intramuscular sprouts 
either from a node of Ranvier or near the neuromuscular junction. 
The degree of retained motor control and strength depends upon the extent of loss 
of nerve fibers and the time course of loss, monophasic or progressive (slowly or 
rapidly).  The effect of collateral reinnervation is increased likelihood that muscle fibers 
from the same (reinnervating) motor unit will be adjacent or closer together than occurs 




within 500 μm of the recording face of the electrode both amplitude and area of the 
MUAP can increase measurably (Figure 1.9).  In extreme cases where very few motor 
neurons remain, a single α-motor neuron might innervate every muscle fiber within the 
uptake area of the needle electrode.  The pathologic marker of collateral reinnervation is 
fiber type grouping.  The degree of collateral reinnervation of a motor unit is limited; the 
fiber density increases the radial territory (area) is limited to the original boundaries 
imposed by muscle fascicles resulting with extreme loss in areas of muscle with many 
permanently denervated muscle fibers. 
New axonal sprouts may be smaller in diameter and have less myelination causing 
slower transmission of the depolarizing signal along terminal branches.  This can mean 
that some muscle fibers of a motor unit will depolarize somewhat later than other fibers  
 
Figure 1.9: Glycogen depletion study in the rat after partial crush of the sciatic nerve 
showing the effects of collateral reinnervation.  Note that there are many more 
immediately adjacent fibers than in the normal muscle (compare  




of the motor unit.  In addition, muscle fibers will atrophy after denervation and will 
conduct muscle fiber action potentials more slowly from the neuromuscular junction to 
the recording electrode and arrive later than their normal counter parts.  When one fiber 
within the uptake area of the electrode depolarizes at a different time than others it can be 
seen as an additional peak in the MUAP.  The delay seen is inconsistent due to normal 
variability of alpha motor neuron discharge patterns and the changes in muscle fiber 
conduction velocities associated with the discharge variability, a phenomenon called 
velocity recovery function (19).  These factors affect the MUAP waveform and result in 
increases in the number of turns and sometimes increases in the number of phases and a 
degree of waveform variability from discharge to discharge (see Figure 1.10).  Higher 
than normal number of turns (polyturn; >5 turns) and phases (polyphasic; >four phases) 
 
Figure 1.10: Schematic representation of individual muscle fiber action potentials from 
atrophic/reinnervated unit in relation to proximity to the recording electrode and the 




is often called increased MUAP complexity, and suggests that there is some degree of 
nerve injury in the recent past with active reinnervation.  However, polyturn/polyphasic 
phenomenon can also be seen in myopathic processes, which will be dealt with in the 
next section. 
Additionally, newly sprouted nerve terminals and neuromuscular junctions may 
not have the same robust synaptic connections with the muscle fiber as more established 
neuromuscular junctions.  The acetylcholine receptor is composed of five subunits and 
with reinnervation the normal gamma subunit is initially replaced by an epsilon subunit 
that imparts slower and less reliable receptor channel openings (20).  When postsynaptic 
receptors are developing on reinnervated fibers, signals across the neuromuscular 
junction may be insufficient to cause propagating depolarization of the muscle fiber 
membrane, which is called transmission blocking.  Signals may not block but 
transmission can be slowed (measured in microseconds and called “jitter” at the 
neuromuscular junction level).  Both of these can lead to discharge to discharge 
variations in muscle fiber action potentials that contribute to the MUAP.  The summed 
variations in transmission in the MUAP waveform is called “jiggle” and is an important 
EMG finding that support the diagnosis of ongoing denervation and reinnervation (21).  
Over time, postsynaptic receptors revert to more secure forms (gamma subunit in place of 
epsilon subunit) and transmission becomes more stable and jiggle is reduced. 
When consideration is given to MUAP metrics of amplitude, area, and complexity 
a reliable estimate can be made of whether there is a high likelihood that an abnormality 
is due to nerve injury.  For example, very high amplitude MUAPs with normal 




Normal or very slightly increased amplitude with increased area and complexity and 
jiggle indicates relatively recent injury with new and active reinnervation.  Low 
amplitude can mean that the electrode is not near enough to fibers from the motor unit, or 
that there has been denervation without reinnervation and subsequent reduced numbers of 
muscle fibers.  In routine EMG studies these factors are weighed in a subjective manner.  
However, knowledge of the changes in the various metrics and their implications are 
based on quantification of metrics and correlations with clinical states. 
Changes in the MUAP due to muscle fiber injury: 
myopathic motor units 
Muscle fiber injury changes the MUAP without necessarily changing the relative 
cross-sectional position of muscle fibers in the motor unit.  Many different diseases of 
muscle cause changes in the MUAP, including: inflammatory myopathies, metabolic 
myopathies, inherited dystrophies, and membrane disorders (channelopathies).  These 
conditions result in changes to muscle fibers but the number of nerves reaching the 
muscle remain normal.  The MUAP is affected in the following ways.  
In cases of inflammatory myopathy the initial insult is often immune mediated, 
activating the body’s immune system to degrade and destroy the muscle fiber at 
segmental sites along fibers.  This leads to smaller diameter and less uniform muscle 
fibers (22).  As propagation of the depolarizing signal is dependent on the radial diameter 
of the muscle fiber, if different fibers of the same unit have a range of diameters they will 
propagate signals at different rates.  This can, in the extreme, lead to an MUAP where the 




In other words, there is decreased overlap of individual muscle fiber action potentials.  
This phenomenon causes decreased MUAP amplitude, due to a lack of constructive 
interference, and increased waveform complexity (23). 
In some myopathies damage to a muscle fiber is severe enough at a single point 
along its length that the fiber is no longer electrically contiguous.  Loss of propagation of 
this muscle fiber action potential reduces the amplitude of the MUAP when recorded 
beyond the point of the damage.  This leaves the distal segment of muscle fiber 
electrically denervated.  Fiber atrophy occurs in this segment and it often is destroyed.  
However, with control of the inflammatory disease process repair is made and the distal 
segment is reanastamosed with the intact portion of the fiber.  This will allow for 
propagation along the full length of the fiber, though it will be slower through the 
atrophied portion.  This causes decreased amplitude and increased complexity as 
described earlier. 
In general, MUAPs from myopathic units can be differentiated from normal units 
in their relatively low amplitude and markedly increased complexity.  While increased 
complexity occurs in cases of neuropathic damage, the amount of complexity is generally 
far less than is the case from a myopathy.  Also, myopathic units are generally smaller in 
amplitude and area than normal while neuropathic are almost always larger in both 
metrics.  Though this is generally true, there is a lot of overlap of the distributions of 
MUAP metrics for normal and diseased states—thus the need for quantitative EMG 
studies which can more sensitively tease out the differences.  Examples of changes due to 






Figure 1.11: Examples of different characteristic MUAPs.  Note that these are photo-
graphically isolated MUAP waveforms whereas during routine EMG studies there  
is a train of MUAPs discharging at different rates with overlap of waveforms  
leading to the possibility of “apparent” complexity.  Row A: stereotypical  
MUAPs from normal muscles.  Row B: MUAPs from myopathic muscles.   
Note that these are markedly more complex than the normal MUAPs, but  
that their amplitudes and areas are not comparably increased.  Row C:  
MUAPs from neuropathic muscles.  Note that these also show  
markedly increased complexity as well as much increased  
amplitudes (clipped in figure) and areas. 
Single fiber EMG 
Single fiber EMG is a set of techniques which use a special single fiber electrode 
to obtain unique information about the muscle and pathology that cannot be obtained 
otherwise.  Due to the 25 µm diameter active recording surface and effective up take 
radius of less than 300 µm  this electrode records from only one to three muscle fibers of 




One of the important studies performed with a single fiber electrode is 
determination of fiber density.  This is done by positioning the active electrode as close 
as possible to an active muscle fiber—determined by a single muscle fiber action 
potential of greater and 200 µV amplitude and leading edge rise time of less than 300 ms.  
When these criteria are met the waveform is examined for evidence of additional muscle 
fiber action potentials—most commonly a second peak (example shown in Figure 1.12).  
The number of muscle fibers within the uptake radius of the electrode is recorded for that 
site, and the process is repeated until a total of 20 sites are sampled.  The fiber density is 
an empiric number and provides information as to the packing density of muscle fibers in 
motor units.  While an increased fiber density is suggestive of neural degeneration with 
 
Figure 1.12: Schematic representation of fiber density study using a single fiber EMG 
electrode.  The semicircle represents the 300 µm uptake area.  In normal muscle  
one or two fibers at a single sight may be recorded.  In reinnervated  




reinnervation it can also be observed in myopathic disorders due to loss of muscle fibers 
and greater closeness of remaining fibers. 
We have shown the characteristic changes which are common to the various 
categories of pathology measured with intramuscular electrodes.  Changes in motor unit 
amplitude cannot be distinguished with surface or single fiber electrode.  Using a surface 
electrode does not allow for the distinction between either small or large amplitude units 
because the size of the unit measured from the surface is due to the proximity of the 
motor unit to the electrode rather than the remodeling of the motor unit architecture as 
measured intramuscularly.  Single fiber electrodes also fail to register changes in motor 
unit amplitude as they record from, at most, a few fibers and so sensitively that there is 
rarely constructive overlap of the fiber potentials.  Increased MUAP complexity is also 
difficult to ascertain with surface or single fiber needle electrodes.  The complexity in 
surface potentials is completely obscured by the overlap of many small and low 
frequency potentials contributing.  Single fiber is somewhat more sensitive to 
complexity, but is limited by the number of fibers in the uptake area.  Single fiber EMG 
can see increased complexity, which is the purpose of a fiber density study, but cannot 
distinguish complexity differences between myopathic and neuropathic processes as the 
larger concentric or monopolar needles can. 
Frequency space of EMG signals 
Frequency spectra of interference patterns and EMG signals are dependent on a 




on the proximity of the active face of the electrode to the nearest muscle fibers.  When 
the electrode is close to a muscle fiber the high frequency components will be more 
pronounced (25,26).  Muscle tissue acts as a low-pass filter, filtering out higher frequency 
components more effectively as distance from the source increases (26,11,27).  This is 
due to the impedance of charged molecule movement through the tissue.  In a volume 
conductor there is no voltage without current, and current is impeded in muscle by 
various forces.  There is natural impedance of ionic fluid, which is far more complex in 
the biologic environment from increased viscosity due to proteins, cellular and 
extracellular structural architecture.  Cell membranes and connective tissue also impede 
the movement of ions.  The nearness of the electrode to an action potential source 
(muscle fiber or fibers) can be judged by a rapid rise time of MUAP indicating high 
frequency components in the waveform. 
Individual motor unit action potential frequency spectra will depend largely on 
the overall duration of the potential.  Low frequency components will dominate if there is 
any significant portion of relatively flat baseline included in the analysis (see Figure 
1.13).  This is also true of interference pattern (sum of many motor unit action potential 
trains) frequency spectra (see Figure 1.14).  When fewer motor units are recruited greater 
portions of the signal are at the low end of the spectrum.  A fully activated muscle will 
exhibit a shift toward higher frequencies due to the lack of free baseline, though there is 
still a relatively smooth continuum of frequencies represented.  Near the high end of the 
frequency spectrum the largest influence is the proximity of the electrode to the nearest 





Figure 1.13: Sample MUAP with the corresponding fast Fourier transform spectral 
analysis.  Modified from Pattichis (28). 
 
Figure 1.14: Time (upper) and frequency domain (lower) traces of 20% isometric 






EMG is used in a variety of settings, from clinical neurology and physical 
medicine and rehabilitation to academic research laboratories to visualize and quantify 
the activity of motor units.  The studies included in this work focus on determining 
factors that influence the physiologic recording and algorithmic processing of the signals 
to make QEMG more applicable and more easily used in the clinical setting. 
Clinical EMG 
Clinical EMG studies are generally performed as part of a suite of 
electrodiagnostic studies to help arrive at a diagnosis of a disorder affecting the 
peripheral nervous system.  Electrodiagnostic studies are unique clinical tests in that the 
clinician is actively involved in designing what tests will be performed and performs the 
tests him/herself, in contrast to, for example, imaging studies or electroencephalographic 
(EEG) studies, that are performed by technologists and interpreted at a later time by 
physicians.  For electrodiagnostic studies, the clinician interviews the patient to clarify 
the clinical question and then performs a focused neurologic examination.  From this 
information the appropriate tests are selected.  Nerve conduction tests that can assess the 
function of sensory and motor nerves are usually performed first.  The clinical EMG 
study focuses on the motor system.  It is performed by a physician using a needle 
electrode which is inserted into the patient’s muscle, or muscles, of interest.  The 
clinician will listen to the amplified sound that the waveforms produce as well as watch 




note, listening to the waveforms is a sensitive means of distinguishing differences in 
amplitude (loudness) and complexity (splitting of sound components).  However, this is 
qualitative with the high chance of over-recognition of rare events (loud and complex 
MUAPs).  Once the clinician has obtained the desired information at a single site, the 
needle is repositioned a number of times within the muscle to examine a different group 
of muscle fibers and motor units.   As with listening to motor units, there are statistical 
issues as not all areas of muscle are similarly affected by pathologic processes and a 
suitable sample must be obtained.  Most important for the advantages of QEMG, 
abnormal MUAPs will be admixed with normal MUAPs, and a suitable sample size is 
necessary to avoid false positive and negative interpretations.  Many EMG studies require 
examining several muscles, repeating the process described. 
Clinical EMG studies are performed by clinicians who have been trained to 
recognize normal signals and differentiate them from abnormal.  The patterns of 
abnormality discussed above are often very obvious to the clinician, who can then use 
this data to arrive at some clinical conclusion.  Of note, the well trained ear can 
distinguish very subtle differences in MUAP waveform components, including 
component frequencies, changes in complexity (number of phases and turns), differences 
in timing of components (jiggle), and overall discharge rates.  If, however, the EMG 
exhibits only mild abnormality there can be ambiguity for even an experienced clinician. 





Basic mechanics of QEMG analysis 
QEMG is a term that broadly describes any of a number of techniques that 
attempt to quantify some aspect of the EMG signal.  This body of work deals with 
quantitative multi-MUAP analysis.  In the early days of EMG studies many attempts 
were made to quantitatively measure the waveforms, but were extremely tedious and time 
consuming.  The earliest quantitative studies were performed by photographing 
waveforms from an oscilloscope and were measured by hand using calipers.  This 
provided the MUAP data upon which qualitative EMG studies are based, but are not 
practical for anything but research purposes.  Modern computing has made the QEMG 
study possible in a time domain that makes the analysis practical and also allows for 
determination of derived metrics such as waveform area and area-amplitude ratio, 
assessment of jiggle and fiber density. 
QEMG focuses on the identification of individual MUAPs from a weak 
interference signal that includes the activation of several motor units.  These techniques 
are called multi-MUP (for multiple motor unit potential analysis) or decomposition EMG 
techniques, based in part on different algorithmic approaches.  The signal containing 
many MUAPs is most often analyzed using template matching (30-34).   The different 
MUAPs are characterized and compared to determine if each recurring discharge is likely 
to belong to a single motor unit or several. 
Template matching is performed by assigning an identifier to each extracted 
waveform isolated from baseline.  After these waveforms are identified they are 




morphologies.  If a waveform is sufficiently similar, it is assumed to originate from the 
same motor unit (see Figure 1.15). 
This determination is strengthened by analyzing the discharge pattern of the 
motor unit.  Normal physiologic activation of motor units falls within a range of 
frequencies from approximately 8-20 Hz during a moderate contraction (35,36).  During 
maximal contraction, which produces an interference pattern that is too complex for 
QEMG studies at this point, the motor neuron can fire with bursts of 60-140 Hz (37).  
This relatively regular motor unit firing pattern, during moderate contractions, allows for 
predicting a time window during which the same motor unit would be expected to 
discharge.  Some algorithms exclude all waveforms that occur sooner than expected from  
 
Figure 1.15: Stylized example of decomposition using template matching (32).  In this 
drawing, recurring MUAPs are assigned an identifier while non-recurring  
waveforms are not—they are assumed to be  




the previous discharge due to the fact that it is extremely unlikely to be physiologically 
stimulated at such a close interval. 
Once grouped into sets of similar waveform shapes, the many discharges of the 
various MUAPs are respectively averaged to remove random electric and physiologic 
noise.  Averaged MUAPs are then automatically measured for each of the metrics of 
interest.  Waveform marking is performed by algorithms that first indentify the onset and 
termination times of the MUAP.  Once these two points are set, amplitude, area (and 
derived metrics such as area/amplitude ratio), and number of turns and phases is fairly 
straightforward.  There are different approaches to identifying the onset and termination 
(Figure 1.16), and small variations in threshold settings can markedly affect the results 
(12).  Generally accepted practice is to collect a number of trains of EMG signal in order 
to obtain a minimum of 20 averaged MUAPs for statistical rigor (38). 
Advantages of QEMG 
Quantitative EMG can become a more consistent and sensitive tool than the 
qualitative clinical EMG study.  In most pathologic conditions the distinguishing motor 
units are in the minority (Figure 1.17).   Subtle differences can be discovered in the 
QEMG study that may be overlooked in a qualitative study.  Conversely, given the bias 
of the clinical exam, a qualitative study may overstate or understate any perceived 





Figure 1.16: Various algorithmic methods for marking onset of MUAPs (12).  Each 
example shows a trigger level which initiates the search for the initial excursion  
from baseline where the initial duration marker will be set.  Methods A, B and  
C each work backward from the site of waveform onset to ensure that no  
earlier waveform component exists.  Methods D and E work forward  
from some point a set distance far in front of the trigger to catch the  
earliest waveform component.  Small changes in the values used in  
any of these algorithms result in large differences in the resulting  






Figure 1.17: Distribution of MUAP metrics for normal muscle and disease states (39).  
The figure shows clearly that there is significant overlap of metrics measured and it  
is the outlying values that help to distinguish the pathologic from normal muscles. 
Practical issues 
Currently, very few clinicians use QEMG as part of their daily practice.  The reasons 
range from ignorance of the techniques or lack of software to perform the analysis to 
dissatisfaction with the extra time the quantitative studies require.  Though QEMG does 
legitimately take longer than a routine clinical examination, with refinements in the 
algorithms the time required is decreasing and will soon be only minimally longer. 
Patient discomfort (and hence tolerance to the study), though not the primary 
consideration in any medical procedure, is important.  Clinical observation shows that 
there is a full spectrum of pain and anxiety associated with EMG studies. An advantage 





EMG machines, like all medical devices, require approval through the FDA.  This 
means that each new component of the system, either hardware or software, requires an 
approval process which is lengthy and expensive.  Therefore, if a component of the 
system could be improved there would have to be some financial incentive for the 
manufacturer to go through the process of development, testing, and approval before it 
would be available to the clinician.  This argues for the improvement of QEMG 
techniques using tools readily available within the existing EMG systems so that such 




2 RATIONALE FOR THE WORK AND TECHNIQUES EMPLOYED 
Bringing QEMG to the clinical laboratory is the ultimate goal for most 
investigators involved in the development of algorithms and new techniques.  However, 
those who develop the algorithms are generally computer scientists, programmers, and 
basic scientists.  Thus, there are many issues in the clinical realm not appreciated or 
identified and left unresolved.  Without direct clinical experience the practical importance 
of certain aspects of QEMG may be inappropriately inflated or minimized.  We can 
bridge this gap because of our experience in the clinic and background in physiology, 
engineering and biomedical research.  We have explored some clinically practical 
problems from an engineering perspective. 
The following studies address practical and theoretical questions that arose from 
clinical use of QEMG techniques and different algorithms.  1) MUAP detection 
algorithms are empirically based and some algorithms seemed more efficient than others: 
however, we found no such comparison in the literature, and thus we performed a 
comparison study to determine the performance of each.  2) Measurement of fiber density 
requires a special single fiber electrode and we investigated whether the same 
information could be obtained using simpler and more accessible QEMG techniques.  3) 
Basic physiology of signal propagation led us to investigate possible diagnostically 




the signal initiation (neuromuscular junctions).  4) There are two sizes of concentric 
needle electrodes available and the smaller size has been used for studies of 
neuromuscular jitter, and thus we studied whether there were significant differences with 
respect to MUAP metrics between the standard and smaller sizes to determine if the 
spectrum of QEMG could be expanded with the use of one electrode.  5) Recording 
conditions change over data acquisition time due to physiologic and adventitious 
movements of the patient and operator and we sought to determine the effects on signal 
stability on the time trying to keep the needle electrode in one position within the muscle. 
In the following sections we also lay out the basic techniques used for each study.  
A more detailed description of the methods is found in the individual publications, 
though we also include additional information not found in the articles due to space 
restrictions. 
Algorithm Comparison 
A number of different computer algorithms are available on commercial and 
research EMG machines intended to perform QEMG studies and we undertook a study to 
evaluate these algorithms’ efficiency and accuracy.  The algorithms are proprietary and 
specific to the EMG machine.  Heretofore there has been no direct comparison to guide 
the selection of an EMG machine.  Since QEMG provides statistical data it offers the 
possibility of more sensitive analysis and comparison of data from different clinics.  This 
can only be realized if the performance of the data collection devices is comparable.  In 




development (that was soon after commercialized) against simulated signals and 
biologically obtained EMG signals (40). 
We tested the algorithms, one against another, using biological signals because 
this is the intended use.  We brought all three EMG machines together and split the signal 
from the electrode three ways to allow each machine to capture the exact same data.  We 
could not obtain input impedance values from the manufacturers of the various machines, 
but did determine that there was little or no decrement of the signal when multiple 
machines were connected.  We collected data from normal (healthy) muscles, and 
muscles from a patient with amyotrophic lateral sclerosis (a neurogenic condition).  We 
felt it important to include a range of MUAP morphologies to more fully test the 
algorithms. 
Each of the machines was also fed simulated data (trains of simulated MUAPs) so 
that we could compare their performance against a set of known values.  We sought to 
create as realistic a test as possible.  First we created simulated MUAPs by recording 
from a variable power supply through an analog-to-digital converter.  The waveforms 
were produced by manually adjusting the output of the power supply over time.  The 
resultant waveforms were imported into MATLAB (MathWorks, Natick, Massachusetts) 
and adjusted to even more closely mimic biologic MUAPs.  Twenty-eight different 
waveforms were selected that were similar to naturally occurring MUAPs, and each was 
analyzed to determine standard metrics.  They were mixed together in various 
combinations. 
Simulation of a normal interference pattern required that we mimic discharge 




MUAP a train of discharges was created.  The mean frequency of discharge is known to 
be 8-15 Hz for healthy muscle (41).  There is a nearly normal distribution of actual 
frequency variation around these central frequencies.  We chose a single central 
discharge frequency for each of the simulated MUAPs and used a normal random number 
generator in MATLAB to create variability of the interdischarge interval.  Each of the 
resulting distributions of discharge intervals was then compared with biologic data.  The 
distributions were statistically similar to biologic data.  Each train, consisting of the firing 
of a single MUAP repeatedly over 30 seconds, was saved and combined to make 
interference patterns. 
The creation of interference patterns, the signal resulting from several MUAPs 
discharging near the electrode, was accomplished by simply adding several of the 
previously created trains together.  These voltages are known to add algebraically.  This 
resulted in a realistic interference pattern where many discharges of each of the MUAPs 
had free baseline on either side and occasional overlapping of one or more MUAPs 
resulting in both constructive and destructive interference, creating a unique waveform 
that did not recur repeatedly in the interference pattern.  The interference patterns were 
played back as if a routine clinical examination were performed and we determined that 
they were virtually indistinguishable from biologic data.  Figure 2.1 shows a simplified 
illustration of the process used with the simulated data.  The obvious advantage of the 
simulated interference patterns in the algorithm comparison is that the precise number of 





Figure 2.1: Illustration of how single MUAPs are incorporated into trains of single 
MUAPs then full interference patterns which are then presented to the  
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Electrical signals from muscle fiber action potentials are attenuated by the 
surrounding tissues.  The rapid rise times of muscle fiber potentials close to the electrode 
can be brought out if low rise times from more distant potentials are filtered out.  
Previous studies have suggested that high-pass filtering at various cutoff frequencies 
(1,600-3,200 Hz) can reveal increased complexity within the MUAP that may be 
clinically relevant (42).  Such signal filtering could be useful, as most EMG machines are 
already equipped with high-pass filters that can approach these numbers.  If we could 
determine some utility of performing such filtering it could then be immediately 
implemented in the EMG laboratory.  We undertook a study to determine if the MUAP 
metrics of filtered signals offered any insight into the physiology, anatomy, or pathology 
of the muscle (43). 
MUAPs were recorded from healthy and diseased muscle initially with default 
filter settings (band-pass from 10-10,000 Hz).  These were initially analyzed by the 
system algorithm (DQEMG), and metric marker adjustments were made manually as 
necessary.  The signals were then exported to MATLAB to be filtered digitally.  We 
initially filtered with a 1st order digital Butterworth filter.  We did this because it would 
be the simplest implementation, and all machines could match or exceed the performance 
of this filter design.  Subsequently, we investigated the effects of filtering with more 
aggressive and sophisticated digital filters, but the results were not significantly changed.  
After filtering, the data were reintroduced to the DQEMG program.  This was done two 
ways to determine which method was best.  First, we introduced the data as if they had 




about the firing times of MUAPs, so that the algorithm need not try to decompose the 
signal, just average the MUAPs.  The two different methods yielded nearly identical 
results, and we introduced all the data presented as de novo. 
In the initial version of this study we attempted to correlate high-pass filtered turn 
count with fiber density measurements.  The hope was that we could use a conventional 
concentric needle electrode, which is much less expensive and is disposable, to glean a 
portion of the same information available with a single fiber needle determination of fiber 
density.  We collected fiber densities for each of the muscles studied in the high-pass 
filter study.  Our initial data looked extremely promising, but as we collected data from 
more muscles the correlation became very poor.  Ultimately we concluded that this 
portion of the study was not feasible. 
We measured the number of turns and phases using several different threshold 
values of the change in voltage direction: 50 μV which many laboratories use, the more 
sensitive 25 μV value that some laboratoies use, and all visible turns that we as 
experienced electromyographers felt were not noise (approx 2-6 μV depending on the 
noise in the signal).  These different groups of data were evaluated against fiber density 
and it was determined that the best fit (signal to noise ratio) to the initial data was with 
the 25 μV threshold. 
We also performed simulation studies to evaluate the effects of filtering.  Two 
models were used (44-46).  The Stålberg and Karlsson model is commercially available 
and the Hamiltron-Wright and Stashuk model is available from Stashuk (personal gift).  
Correlations between filtered turn and phase counts and fiber density were relatively 




fiber study.  The Stålberg model allows direct visualization of the muscle fibers within 
the motor unit, so the results of the single fiber study were visually verified.  We 
validated the results of the Hamilton-Wright model by extracting the muscle fiber 
placement information and modeling a single fiber study with MATLAB.  Both models 
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Temporal Dispersion of the MUAP 
When undertaking the work for the first study it was unclear what, if any, effect 
needle placement along the axial length of the muscle had on the MUAP waveform and 
metrics.  Muscle fibers of the same motor unit do not share a uniform radial diameter; 
rather, there is some small distribution of diameters.  Since signal propagation depends, 
in large part, on the diameter of the muscle fiber there would then be a similar 
distribution of action potential conduction velocities.  In theory, and in computer 
simulations of muscle, this means that with the electrode nearer the motor end-plate zone 
(the area where the nerve innervates the individual muscle fibers of the motor unit—
neuromuscular junctions) one could expect least temporal dispersion and greatest 
temporal overlap of individual muscle fiber action potentials making up the MUAP 
waveform.  As the electrode is moved farther away from the motor end-plate zone one 
could then expect a greater degree of temporal dispersion in arrival of muscle fiber action 
potentials and change in MUAP waveform reflected in changes in metrics (increased 
number of turns and phases).   Muscle fiber action potential conduction velocities in 
human skeletal muscle range from 1 m/s to 10 m/s with a mean velocity of approximately 
4 m/s (47-50).  Thus, at 4 m/s action potentials from two end-plate zones 50 mm apart 
results in a difference of 12.5 ms.  This is certainly sufficient to distinguish two separate 
muscle fiber action potentials within the MUAP.  Additional complexity comes from the 
concept that conduction velocities are variable along the length of the muscle fiber itself 
(51,52).  For example, with large distances between the motor end-plate zone and the 
electrode separation of waveform components could reduce MUAP amplitude and 




of variation in muscle fiber action potential propagation velocity a significant difference 
would exist in the same MUAP of the same motor unit if the recording electrode were 
placed near to or far from the motor end-plate zone. 
We determined if large distances between the motor end-plate zone and electrode 
would be clinically significant, as it might be theoretically possible to induce false 
positives for neuropathic and myopathic diagnoses by placing the EMG electrode too far 
distant from the motor end-plate zone (53).   Of note, the electromyographer does not 
know the distribution of end-plate zones and sites of needle electrode insertion are blind 
with respect to this variable. 
The study was undertaken using the same two computer simulations as the filter 
study (Hamilton-Wright & Stashuk, 2005; Karlsson, Hammarberg, & Stålberg, 2003; 
Stålberg & Karlsson, 2001).  The models allowed the creation of different numbers of 
muscle fiber action potentials, various distributions of muscle fiber diameters and 
resultant distributions of conduction velocities.  Measurements of the resulting MUAPs 
were performed with the simulated electrode at various distances from a discrete motor 
end-plate zone. 
Similar studies were performed in human subjects with both healthy and diseased 
muscle: diseased muscles from patients with amyotrophic lateral sclerosis was chosen 
because motor units will be in the process of denervation and reinnervation and a number 
of newly reinnervated muscle fibers will be atrophic, thus accentuating temporal 
dispersion.  There is a distinction between the motor point, the site where the motor nerve 
enters the muscle, and the motor end-plate zone, the area where neuromuscular junctions 




The motor point can be identified electrophysiologically and the electrode positioned at 
varying distances away.  The motor point is identified by stimulating with a small surface 
electrode over the belly of the muscle, using moderate current well below the maximal 
stimulation intensity, in various places until the greatest number of motor units are 
recruited for the given stimulus intensity (largest muscle twitch).  This muscle was 
chosen because it is a relatively long muscle and anatomical studies indicate that the 
region in the muscle where motor end-plate zones are situated is relatively restricted.  
It was found that while the predicted MUAP morphology and metric changes 
occurred in both the model and the human biceps, the changes rarely statistical significant 
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Needle Electrode Selection 
A variety of needle electrodes are available for clinical use for an EMG study, and 
among the concentric needle design there are two sizes available; a standard size 
(described earlier) and a smaller pediatric sized needle.  The difference in size of the 
needle is reflected in the uptake area of the active electrodes.  The standard electrode has 
a recording surface of 0.07 mm2 and the pediatric a surface of 0.03 mm2.  We sought to 
determine if there was a clinically significant difference in the MUAPs recorded from the 
two different sized electrodes (54). 
Another reason for this study is that the smaller electrodes can be used in place of 
single fiber electrodes for measurement of neuromuscular jitter.  Verifying the use of the 
smaller electrode for multi-MUAP analysis can expand the utility of a single electrode for 
complex cases.  Further, the smaller electrode is more comfortable for the patient. 
This question was first investigated using the Stålberg model and then in the 
biceps brachii, first dorsal interosseous, and anterior tibialis muscles of several 
volunteers, as these are commonly studied muscles in the clinical setting.  To add 
robustness to the findings, subjects with both healthy and diseased muscle were studied.  
In this portion of the study in muscle, efforts were made to ensure that the same region of 
the muscle was studies with each needle in each subject.  An attempt was made to insert 
both electrodes together to ensure recording from the same region of the muscle but this 
did not allow individual adjustment of the two electrodes to optimize recording features. 
There were some issues using the model—which ultimately led to exclusion of 
this portion of the data from the published paper.  The simulated electrodes were not 




electrodes; rather, they were simply “large uptake” and “small uptake” area electrodes.  
We went forward and completed the simulated study with these different electrodes and 
found significant differences in duration and area, though amplitude, turns, and phases 
were statistically similar (Table 2.1). 
Table 2.1: Results of needle size comparison using the Stålberg model.  Results are 
similar for metrics of amplitude, turns and phases; while results for duration and area are 
markedly different.  When differences were found in biologic muscle the  
differences did not match those found in the model. 
 
  
Comparison of Simulated Needle Metrics
Mean (SD) Mean (SD) P-value
Amplitude (μV) 407 (281) 433 (263) 0.505
Duration (ms) 4.51 (1.37) 5.90 (1.7) < 0.001
Area (μVms) 294 (175) 403 (202) < 0.001
Turns 4.75 (1.8) 4.71 (1.72) 0.873
Phases 3.94 (1.65) 3.67 (1.59) 0.244




Comparison of Standard and Pediatric Size 
Concentric Needle EMG Electrodes 
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Optimizing Acquisition Time 
The algorithms used to detect MUAPs in QEMG studies require that many 
discharges of the same MUAP be collected and averaged in order to ensure a fair 
representation of the isolated MUAP and distinguish it reliably from other MUAPs (40).  
As discussed earlier, the major contributions to the MUAP come from muscle fibers of 
the motor unit within 500 μm of the electrode.  Thus, very small movements away from 
or toward the closest fibers may cause large changes in the MUAP morphology.  Such 
movements come from respiratory and cardiac movements of both the patient and the 
operator, from physiologic tremor of the operator, and hysteresis of muscle tissue 
displaced by initial positioning of the electrode.  Different QEMG algorithms collect data 
for varying amounts of time, 10-30 s.  This study was undertaken to determine an optimal 
time for the collection of EMG data, balancing the need to collect sufficient MUAPs for a 
stable average with most noise removed and the likelihood of needle movement within 
the muscle that could change the MUAP morphology (55). 
Thirty seconds of EMG data was collected in human volunteers using the 
DQEMG algorithm, commercially available (Neuroscan; Compumedics, Ltd., San 
Antonio, Texas) and the raw data were exported and analyzed in MATLAB (The 
MathWorks, Natick, Massachusetts).  Two types of interference patterns were collected, 
simple with one MUAP and complex with two or more MUAPs. 
For the simple interference patterns, data were exported for analysis with 
MATLAB.  A custom waveform marking algorithm was created.  It was determined at 
what time each MUAP fired and marked the metrics of each individual MUAP.  Great 




source.  This allowed for relatively good measurement on non-averaged MUAPs.  Peak 
to peak amplitude was very straightforward to measure.  Duration was the most difficult 
metric to determine.  The difficulty arises due to the uncertainty of exactly when an 
excursion from baseline represents the beginning of an MUAP versus being part of the 
background noise, and when the waveform merges back to the baseline at the end of the 
MUAP (12).  A threshold was set working forward through the signal using a moving 
average.  When the threshold was met the algorithm would then work backward to 
determine the appropriate takeoff of the MUAP.  A similar method was used to determine 
the termination of the MUAP.  Once duration was determined the other metrics could be 
measured.  Area was measured by a simple rectified numerical integration.  Turns and 
phases were measured using a numerical derivative that provided sign changes.  Once the 
sign of the slope changed, either from the beginning of the single MUAP or from the 
previous sign change, the algorithm examined the original waveform to determine if the 
appropriate turn or phase amplitude threshold was met.  A threshold for numbers of turns 
and phases was set at a displacement of the signal of greater than or equal to 25 μV.  If 
the turn or phase did not meet the amplitude criterion it was ignored and the algorithm 
continued to search from the last true turn or phase in order not to miss a legitimate turn 
or phase because of some small noise in the signal. 
Metrics were measured for each firing of an MUAP (Figure 2.2) and for each 
contraction length (2, 5, 10, 15, and 30 s) it was determined what effect the changes in 
each metric over time would have on the averaged MUAP (Figure 2.3).  Since not all 
algorithms choose the same MUAPs from the train for averaging the effect was measured 





Figure 2.2: Example of measuring metrics of motor unit action potential trains—
amplitude is shown here.  Each MUAP is measured for all metrics.  The  
amplitude of each MUAP, lower graph, is represented by a single  
point on the upper graph.  Minor fluctuations in the amplitude 
can be seen throughout.  Near the end of the 30 s epoch 
the amplitude begins to diminish visibly, indicating  
that the active surface of the electrode  
was moving away from the  







Figure 2.3: Representation of changes in MUAP amplitude, using a line fit of the data, of 
several MUAP trains at various collection times.  At each time point after 5 s  
the range of percentage change spreads out.  This figure includes only 12  
MUAP trains for illustrative purposes. 
selected MUAPs evenly spaced throughout the train.  There were differences in the 
results of the various averaging methods for the longer collection epochs (15 and 30 s), 
but at 10 s or less all methods produced results which were roughly the same. 
For complex interference patterns, those which contain two or more MUAP 
trains, these were cut at specific lengths (2, 5, 10, 15 and 30 s) to simulate having 
collected data for that specific amount of time.  These were then reintroduced to the 
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3 CONCLUSIONS AND DISCUSSION 
Overall, the contributions made by this series of studies aid in refining QEMG 
techniques in the clinical setting.  We have followed a theme in evaluating a number of 
issues related to the accuracy and practical use of QEMG.  We have validated many tools 
used for QEMG, and assured that comparable results are to be had regardless of needle 
selection or recording site.  We have also sought to make the QEMG examination as 
efficient as possible so that the technique may be more readily used by the clinician who 
is always pressured for time. 
Algorithm comparison 
This study was undertaken to determine if the various QEMG algorithms 
available to clinicians were sufficiently similar in performance to allow the comparison 
of data between clinics and laboratories.  We found that: 1) there were significant 
differences between the algorithms.  We determined that one of the algorithms was able 
to distinguish fewer MUAPs and also marked their metrics with less accuracy.  2) None 
of the algorithms was perfectly efficient in extracting MUAPs out of the interference 
patterns when tested with simulated data.  3) Marking algorithms are difficult to design 
and none agreed perfectly with our measurements of known (simulated) data, but two of 




Simulated EMG data were used for this study to give us full control of the system, 
with knowledge of every component of the signal, including the basic noise. The fact that 
we created our signal means that it is likely less complex than a biologic signal in that we 
did not include as many motor units.  We created a fully complex interference pattern in 
the sense that it contained a full complement of large MUAPs.  However, we did not 
include tiny MUAPs from distant units.  These are clinically insignificant, and their main 
effect on the signal would have been a simple shift in the background noise.  The addition 
of such distant units would almost certainly not change the results of this study, as they 
would not be detected according to the criteria for detection set forth in the algorithms 
and would be averaged out in creating the composite MUAPs.  We did create a 
distribution of inter-discharge intervals to vary the firing times of individual MUAPs 
throughout the interference pattern, but did this via a mathematical normal distribution 
function rather than create a velocity recovery function as described by Stålberg (56).  
However, the resulting distribution of interdischarge intervals should be sufficiently 
similar to the biologic reality. Some of the subtle complexities of a biologic system were 
not included such as low frequency deviations from baseline due to respiratory artifact, 
miniscule EKG components of the signal, and physiologic tremor both of the patient and 
electromyographer, but this refinement would add little and would be difficult to include 
in a meaningful way. 
The expectations for MUAP extraction have not been specified or discussed in the 
literature.  We included MUAPs of reasonable amplitude.  Extracting all MUAP signals 
is not necessary for clinical utility and could be counterproductive.  There is a greater 




MUAPs and thus there is greater overlap of MUAPs from neuropathic and myopathic 
muscles with normal muscles (see Figure 1.17). Since the completion of this study a 
software program has been created which can extract all but the minutest noise in a 
biologic signal, and we discuss this further in the Future Work section. 
Overall, this study showed that two of the algorithms are very useful tools in the 
clinical and research settings.  However, they cannot currently be used without 
sophisticated oversight.  The state of the art requires that a trained clinician review the 
results to discard duplicate MUAPs (MUAPs identified as unique but represent the same 
motor unit with slight changes in waveform morphology) and occasionally change 
duration markers.  These algorithms do allow for efficient gathering and analysis of 
QEMG data which is useful in the clinical setting. 
High-pass filtering 
Modeling results suggested that there would be utility in further filtering the 
data—indeed it was suggested that with such filtering there would be a very high 
correlation between filtered turn count and fiber density as measured with a single fiber 
electrode.  The fact that this was not verified in biologic muscle suggests that there are 
deficiencies within the models.  These models are sophisticated, but even so have many 
assumptions and simplifications compared to biologic muscle.  We believe that the line 
source representation of muscle fibers does not realistically allow for physiologic 




Additionally, it could be that the arrangement of muscle fibers does not accurately 
represent that found in biologic muscle. 
We determined with this study that there was minimal utility in high-pass filtering 
EMG data in routine QEMG studies to extract increased complexity.  This increased 
complexity, while real, did not correlate with any clinically useful information about the 
motor unit.  We investigated this against fiber density measured using single fiber EMG 
techniques and looked at it in healthy and neuropathically diseased muscle.  In neither 
case did high-pass filtering reveal pathology in greater degree than did EMG data 
obtained at conventional filter settings. 
We did not extensively study the effects of filtering EMG signals obtained from 
myopathies.  However, from the findings in normal and neuropathic muscles, in addition 
to the unique characteristics of myopathic MUAPs, there is likely to be no additionally 
useful clinical data from filtering myopathic EMG data. 
Temporal dispersion of the MUAP 
From the study on needle position and its effect on MUAPs, it was determined 
that any increase in the degree of temporal dispersion in arrival times of muscle fiber 
action potentials generated from more distant neuromuscular junctions does not clinically 
affect the MUAP to a significant degree.  The modeling study suggested a greater change 
in the measurements than was found in muscle.  This means that the effects of the 
distributions of muscle fiber propagation velocities are exaggerated in the models.  Most 




physiologic distribution in the biceps muscle.  This was confirmed by a later study using 
a different electrodiagnostic technique (57).  However, each of these models base their 
default values on physiologic studies (58,2,59).  We could not, from this study, determine 
whether the equations relating fiber diameter to muscle fiber action potential velocity are 
accurate or exaggerated.  These models are excellent teaching tools, and as such it is 
beneficial for the learner to observe exaggerated changes in MUAP morphology.  Many 
experiments have found that models appropriately demonstrate physical phenomena, but 
do not necessarily exactly mirror physiology (60,29,34,61). 
There is still much debate about the size and distribution of motor points (57,62-
65).  Knowing the location of the motor point is clinically useful from the perspective of 
treatment of spastic disorders with destructive lesions.  However, determining that axial 
position of the electrode within the muscle in relation to the motor point does not create a 
clinically significant difference in EMG studies is an important finding.  This speeds the 
electrodiagnostic testing by obviating the need to locate the motor point. 
Needle electrode selection 
Among the two electrode sizes tested there was no clinical significance in MUAP 
waveform metrics. Though significant differences between the two types of needles exist 
in certain metrics of certain muscles, these differences are not of sufficient magnitude to 
cause a problem with clinical studies.  This issue is further ameliorated by consistent 
study practices such as collecting a laboratory normal database, and using the same 




These findings were significant because they allow comparisons to be made 
across the reports in the literature.  Many studies use either the standard or pediatric sized 
electrodes exclusively.  Previously, these studies could not have legitimately been 
directly compared directly.  Similar type studies had been performed in the past to 
examine the difference between the concentric and monopolar style electrodes (66,67).  
Together, these studies allow for most EMG data to be compared to that reported in the 
literature. 
The model used for this study insufficiently represented the reality of the 
electrodes to include its results in the article.  While excellent at mimicking the important 
principles in EMG studies, there are simplifications and assumptions that render the 
model deficient for full scientific studies. 
Optimizing acquisition time 
In the study that investigated the optimum collection time it was found that 10 
seconds of moderate muscle activity was the most reasonable duration of acquisition.  
Less time would most likely be inadequate to generate sufficient numbers of MUAPs to 
reduce noise and create a reliable and accurate average.  Longer acquisition times could 
more likely result in movement of the electrode and lead to a change in the MUAP 
morphology over time.  This would distort the resulting averaged MUAP.  It is likely that 
if there were even moderate movement the resulting MUAP could change enough that it 




dropping out and another coming in.  These observations are supported empirically by 
other studies (41,68). 
Thought was given to the idea of a device to support the needle electrode, rather 
than having the clinician simply attempt to keep it steady.  A number of different devices 
were drawn up, but none were deemed appropriate for many reasons.  These included the 
inability of the clinician to easily adjust the needle position the many times required 
throughout the study, the concern for infection control (using the same device with many 
patients), obscuration of direct visualization of the insertion site, and added time and 
expensive not justifiable by the benefit. 
Part of the problem with such devices is the radial expansion of muscle as it 
contracts.  This means that all points of reference external to the muscle are going to be 
inadequate if muscle contraction either increases or decreases.  It was decided that 
minimizing the time required to hold the electrode in place, during a steady contraction, 
was sufficient for most studies.  This is because of both the limited time for drift, but also 
because the clinician can make small adjustments to recover if drift is noted.  
Additionally, if there is noticeable change in the MUAP morphology, the clinician can 
throw away a contraction completely.  This is much easier to do if the individual 
contraction times are shorter. 
It is also common practice to tape the electrode leads to the skin not far from the 
needle, which may be more steady than the clinician holding the electrode if a patient is 
uncooperative or there is other reason to keep the needle in one position for an extended 




found that there was significant drift in the MUAP morphology if the patient moves 
much, and minor drift otherwise.  This was determined to be inadequate steadying. 
Another significant consideration is patient comfort during an EMG study.  Many 
patients experience discomfort, both physical and emotional, from the experience of 
having needles in their muscles.  In fact, there is a defined medical condition called 
needle phobia (69), which makes these studies difficult, and reducing the amount of time 
the needle must be within the muscle to obtain adequate data would therefore reduce 
discomfort and anxiety. 
Future Work 
Library of known data 
The algorithm comparison study used a known data source against which we 
compared the performance of the various systems.  We could create an even more 
sophisticated known data set from biologic data.  Kevin McGill and his colleagues have 
been working on the problem of superimposition of MUAPs which occurs during natural 
contractions (70-72).  He has a technique where he can manually extract every MUAP 
from an interference pattern.  This technique still requires a great deal expert 
manipulation, but it does make it possible to have a biologically derived signal where all 
variables are eventually known.  It could be of great use to have a library of such known 
interference patterns which could be distributed to clinics and laboratories against which 
they could test their systems and algorithms.  We would want to collect data from a 




These could then be used to validate the system and allow for greater assurance that 
comparison of data from laboratory to laboratory was appropriate and accurate. 
Finite element model of muscle fiber membrane 
Most of the work in modeled EMG data is created using a line source model 
(Figure 3.1) (73,74,44,45,75,10,76,77,46).  This assumes that the contributions from the 
muscle fiber action potential act as if from a line which is centered within the muscle 
fiber.  As the current in muscle is generated across the fiber membrane, there is no point  
 
Figure 3.1: Basics of line source model.  Model assumes a characteristic muscle fiber 
action potential (MFAP) based on the radius (a) of the muscle fiber.  Electrode  
placement (P) dictates the recorded MFAP, the more distant the electrode  
placement the smaller the MFAP.  The lower graph shows MFAPs  




source; rather, there is a roughly cylindrical surface source.  As the needle is very close to 
the muscle fiber the muscle fiber action potential may contribute differently to the MUAP 
due to differences in near field effect versus the far field contribution from other muscle 
fibers.  Additionally, there may be changes in the muscle fiber action potential from 
different morphologies of the muscle fiber membrane.  One modeling study used a 3D 
muscle fiber as the source (78); however, muscle fibers are rarely perfectly cylindrical.  
They may have concavities and sharp corners where they border other muscle fibers as 
seen in histologic sections (Figure 3.2). 
While we (43) and others (79,80) have investigated filtering as a method to pick 
out the contribution of single muscle fiber action potentials to MUAPs, it has not been 
investigated whether these morphological changes would significantly change the 
resulting muscle fiber action potential, or the MUAP.  It is reasonable that a finite  
 
Figure 3.2: Cross section of deltoid muscle biopsy showing irregularity of muscle fibers.  
Though most are basically cylindrical, there are many flat sections,  




element model could be created which would allow a more accurate representation of the 
shape of a muscle fiber membrane to be studied.  Many different muscle fiber 
morphologies could be investigated for action potential differences at both near field and 
far field distances.  The simulated electrode should also be positioned at different 
positions relative to the various morphologic features.  This could possibly show that a 
sharp corner or concavity of membrane affects the resulting action potential.  If so, it is 
important that models be made more sophisticated to incorporate this information.  If 
there is no significant difference in the potentials then we can continue to rely on the 
simpler models and look for other areas of inaccuracy to explain the deficiencies in the 
models.  Also, this could lead to an increased understanding of the anisotropy of volume 
conduction in muscle tissue (81,26). 
Distribution of conduction velocity based on muscle fiber diameters appears, from 
the results of our studies, to be an area of disagreement between the models and biology.  
A finite element model would allow for calculation of the muscle fiber conduction 
velocity based on membrane characteristics as well as diameter.  This may resolve some 
of the disagreement. 
One difficulty in creating such a model is that it is not know whether muscle 
fibers retain the same basic shape over their entire length or if there are many changes 
throughout based on the forces exerted by neighboring fibers.  To create the finite 
element model we would first have to perform a study in which serial histological 
sections all along the length of many muscles mapped out the outline of muscle fiber 
membranes.  The results of this study could serve as the basic framework for the finite 




Motor unit number estimation 
Additionally, there are other electrodiagnostic techniques that utilize EMG and 
nerve conduction study data to estimate the number of motor units in a muscle, called 
motor unit number estimation (MUNE).  MUNE is particularly useful in assessing the 
progression of motor neuron disease.  The basic idea is to stimulate the entire nerve 
which innervates a muscle and obtain a maximal summed compound muscle action 
potential (CMAP).  Then, individual MUAPs are obtained.  It is important to note that a 
surface electrode is used to record activity of all muscle fibers in the muscle (CMAP) and 
of motor units (surface motor unit potential—SMUP).  Since motor units vary in 
amplitude, a representative sample is obtained to calculate an average SMUP.  Once 
these two values have been determined, the MUNE is calculated as the CMAP divided by 
the average SMUP.  The difficulty lies in obtaining a truly representative average SMUP.  
We have investigated and reviewed many different techniques employed to obtain these 
estimates (82).  Unfortunately, these techniques have poor correlation one to another in 
the results, and only moderate test-retest reliability.  We are continuing to evaluate new 
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